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MPB	phenotype	data	collection	
	

	
Supplementary	Figure	1:	Screenshot	of	the	MPB	survey	question	provided	to	UK	Biobank	participants.	Image	provided	

courtesy	of	the	UK	Biobank,	and	is	available	at	[https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=100423].	

.	
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Data	QC	flow	diagram	

	

Supplementary	Figure	2:	Flow	diagram	showing	data	QC	steps	and	an	overview	of	analyses.	Green	outline	denotes	GRMs	
derived	from	autosomal	data	versus	red	outline	denotes	those	derived	from	X-chromosome	data.	 	
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Supplementary	Figure	3:	Cellular	elements	in	MPB.	(A)	Counts	of	GWS	SNPs	under	the	BOLT-LMM	non-infinitesimal	mixed	
model	association	test	(including	SNPs	in	LD	with	lead	SNPs)	with	ANNOVAR	functional	annotations.	Output	from	FUMA1.	(B)	
Heritability	partitioning	by	functional	annotation	using	LDSC2.	Enrichment	within	a	category	is	defined	as	the	proportion	of	
h2SNP	divided	by	the	proportion	of	SNPs.	Analyses	included	SNPs	within	a	500bp	window	around	the	annotated	site,	as	
described	by	Finucane	et	al	2015.	Blue	horizontal	broken	line	with	intercept=1	denotes	no	enrichment.	Red	bars	denote	
functional	categories	where	the	enrichment	P<0.05	(Bonferroni-corrected).	Error	bars	denote	standard	error.	(C)	Plot	showing	
–log10(p)	for	enrichment,	per	cell-type-group.	Blue	dotted	line	denotes	the	Bonferroni-corrected	threshold.	Numbers	denote	
the	value	for	enrichment.	 	



 
5 

 

	 		

Supplementary	Figure	4:	FUMA1	GENE2FUNC	differentially-expressed	genes	(DEG)	output	drawing	upon	GTEx	v6	data	for	30	general	tissue	
types.	Red	bars	denote	significantly	enriched	DEG	sets	(P<0.05,	Bonferroni-corrected).		
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Supplementary	Figure	5:	FUMA1	GENE2FUNC	differentially-expressed	genes	(DEG)	output	drawing	upon	GTEx	v6	data	for	53	tissue	types.	
Red	bars	denote	significantly	enriched	DEG	sets	(P<0.05,	Bonferroni-corrected).	
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Supplementary	Note	1:	Further	discussion	on	interesting	and	plausible	biological	
pathways	
X-chromosome	annotations	
We	focused	particularly	on	the	X-chromosome	as	it	has	a	known,	prominent	signal3-11.	The	GWS	loci	(identified	

through	conditional	analysis	to	assess	independence)	covered	eight	chromosome	bands.	13	of	the	26	X-chromosome	

loci	(Fig.3c	green	points,	Fig.3d)	were	located	within	a	~2.3	Mb	window,	in	the	Xq12	band,	between	the	genes	

SPIN4/ARHGEF9,	MSN/VSIG4,	HEPH/EDA2R,	EDA2R/AR,	AR/OPHN1,	YIPF6/STARD8	and	within	the	OPHN	gene	

(Supplementary	Data	5).	An	additional	seven	loci	were	located	within	the	previously-identified	Xp11.21	band12	

between	PAGE2/FAM104B,	PAGE3/MAGEH1,	MAGEH1/USP51,	KLF8/UBQLN2	and	UBQLN2/SPIN3	(Supplementary	

Data	5).	The	other	identified	loci	occurred	between	MXRA5	and	PRKX	(Xp22.3);	between	FAM9A	and	FAM9B	

(Xp22.31);	between	ZXDA	and	the	centromere	(Xp11.1),	within	EDA	(Xq13.1),	between	FTX/SLC16A2	(Xq13.2)	and	

within	BGN1	(Xq28)	(Supplementary	Data	5).	In	comparison,	Heilmann-Heimbach’s	analysis	identified	three	distinct	

loci	on	the	X-chromosome12.		

	

Downstream	GWAS	results	(FUMA	results)	
The	results	of	our	downstream	GWAS	investigations	were	consistent	with	the	dynamic	nature	of	hair	biology.	Hair	

follicles	cycle	through	the	stages	of	resting	(telogen),	growth	(anagen)	and	regression	(catagen),	regulated	by	

transcriptional	changes	in	the	dermal	papilla.	Concordant	with	this	dynamic	regulation,	the	vast	majority	of	SNPs	

were	located	in	intergenic	and	intronic	regions	(Supplementary	Fig.3a),	and	MAGMA	competitive	gene	set	analysis1	

also	showed	enrichment	for	genes	related	to	transcriptional	elements	(Supplementary	Data	13,	Supplementary	Data	

14).	In	addition,	the	partitioned	heritability	analysis2	in	the	baseline	model	was	particularly	enriched	for	histone	

modifications	(H3K27ac,	H3K4me1,	H3K4me3,	H3K9ac)	(Supplementary	Fig.3b).		

	

The	downstream	GWAS	analyses	are	also	consistent	with	the	tissue	types	involved	in	hair	development.	Follicle	

development	involves	interactions	between	the	apposed	epithelium	and	mesenchyme	(later	becoming	the	dermis),	

and	our	analyses	implicated	mesenchymal	and	epidermal	gene	sets.	Specifically,	the	dermal	papilla	cell	population	

that	regulates	hair	follicle	growth	is	of	mesenchymal	origin13	and	undergoes	transcriptional	signalling	changes	

affecting	b-catenin	signalling	and	the	FGF	pathway13.	The	relevance	of	these	pathways	was	supported	by	FUMA	

GENE2FUNC	analysis1	which	implicated	the	Wnt/b-catenin	signalling	and	the	UV	response	pathways,	within	the	
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Hallmark	gene	sets.	This	corresponds	with	in	vitro	experiments	in	epidermal	stem	cells	which	have	shown	that	

activation	of	the	androgen	receptor	(AR)	suppresses	the	Wnt/b-catenin	pathway,	and	in	turn	promotes	hair	follicle	

and	sebaceous	gland	development14,15.	The	partitioned	heritability	analysis	(by	cell-type	group)	also	supported	the	

MAGMA	gene-set	analysis	results,	finding	that	enrichment	was	strongest	in	the	mesenchyme-derived	connective	

tissue	and	bone	cell-group-type,	as	well	as	in	the	category	classified	as	“Other”	(adipose	nuclei,	breast	tissue,	ovary,	

penis	foreskin	and	placenta)	(Supplementary	Fig.3c).	

	

Downstream	GWAS	results	(partitioned	heritability	by	cell-type-specific	elements)	
We	also	used	the	LDSC	partitioned	heritability	analysis2	to	investigate	whether	cell-type-specific	elements	were	

enriched	for	MPB	h2SNP	for	ten	tissue	types.	This	analysis	found	that	all	of	the	ten	tissues	were	enriched	(P<0.005,	

Bonferroni-corrected	for	ten	tissue	types),	of	which	the	connective	tissue	and	bone,	and	“Other”	(which	includes	

adipose	nuclei,	breast	tissue,	ovary,	penis	foreskin	and	placenta)	categories	had	particularly	strong	associations	

(Supplementary	Fig.3c,	Supplementary	Data	15).	The	connective	tissue	and	bone	category	was	most	obviously	

relevant	to	MPB,	and	a	partitioned	h2SNP	analysis	within	this	tissue	type	showed	a	similar	h2	distribution	as	that	for	

the	baseline	model.	

	

Pleiotropy	inferences:	potential	gene-level	evidence	
The	pleiotropy	implied	by	the	whole-genome	genetic	correlation	analyses	also	appears	to	have	a	basis	among	the	

COJO	GWS	SNPs,	as	shown	by	the	ICSNPathway16	analysis.	We	performed	GeneCards	lookups	of	genes	that	were	

nearby	the	623	COJO	GWS	SNPs	that	had	been	grouped	within	the	“Reproductive”	and	“Reproductive	Pathways”	

ontologies.	Several	were	related	to	mesenchymal,	androgen,	and	sex	development	pathways.	For	example,	TGFB1,	

SMAD3	and	BMP4	are	important	in	the	TGF-b	pathway,	which	interacts	with	androgen	signalling.	In	prostate	cancer,	

TGF-b	and	SMAD3	enhance	AR-mediated	transactivation17,	and	BMP	mediates	androgen-stimulated	prostate	cell	

growth18.	With	respect	to	the	genetic	correlation	with	early	puberty	onset,	CRHR1	encodes	the	corticotrophin	

releasing	hormone	receptor,	which	regulates	the	HPA	axis,	and	therefore	relates	to	adrenarche.	CRHR1	is	in	the	

vicinity	of	the	GWS	SNP	rs199441	on	chromosome	17	which	has	a	large	effect	size	(beta=-0.11,	P=1.60e-197,	

Supplementary	Data	4).	For	bone	mineral	density,	PTHLH	codes	for	parathyroid	hormone-like	protein;	parathyroid	
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hormone	is	the	major	regulator	of	plasma	calcium	levels,	and	maintains	homeostasis	by	reducing	bone	mineral	

density.	The	TGF-b	pathway	(which	also	involves	Wnt	proteins)	is	also	pleiotropic	in	bone	development.		

	

Fertility	inferences:	potential	gene-level	evidence	
Other	genes	that	were	identified	by	ICSNPathway16	within	the	“Reproductive”	and	“Reproductive	Processes”	gene	

sets	also	implicate	sex	development	and	fertility.	For	males,	CCNA1	controls	germline	meiosis	in	the	testes,	SPAG1	

encodes	sperm	associated	antigen	1	and	is	associated	with	infertility,	CDYL	encodes	chromodomain	Y-like	protein	

which	is	an	autosomal	gene	also	linked	to	infertility,	and	NME5	contributes	to	spermiogenesis.	For	female	fertility,	

BMP15	is	also	related	to	the	TGF-b	pathway	and	contributes	to	oocyte	maturation,	FOXL2	(associated	with	ovarian	

development)	and	TRO	is	related	to	placental	development.	AMHR2	encodes	anti-Mullerian	hormone	receptor	type	

2	which	is	critical	for	male	sex	differentiation	(along	with	testosterone),	and	oocyte	development	and	interacts	with	

the	TGF-b	signalling	pathways.	

	

Future	traits	of	interest	to	study	
There	are	other	traits	that	should	be	investigated	in	relation	to	MPB.	The	relationship	between	MPB	and	polycystic	

ovary	syndrome	(PCOS)	is	worth	studying	as	a	female-limited	proxy	trait19,20.	Small	pedigree	studies	(n=14)	have	

suggested	that	male	relatives	of	PCOS	sufferers	have	an	increased	risk	of	early	onset	MPB,	irrespective	of	ethnicity19.	

PCOS	is	a	hyperandrogenetic	syndrome21	and	patients	present	with	a	combination	of	infertility,	hirsutism,	acne,	

menstrual	changes	and	metabolic	syndrome19,21.	Although	PCOS	is	a	well-defined	clinical	syndrome	that	only	affects	

females,	it	has	recently	been	suggested	that	there	may	be	a	male	equivalent	characterised	by	early-onset	MPB	and	

metabolic	syndrome22.	Unfortunately,	PCOS	data	are	only	available	for	52	women	in	the	UKB	dataset,	and	to	our	

knowledge,	there	are	no	publically-available	GWAS	summary	statistics	for	this	trait.	Bone	development	is	another	

potential	trait	of	interest	as	bone	age	is	used	in	clinical	paediatrics	as	a	check	for	age	to	investigate	precocious23	or	

delayed	puberty24.	This	may	suggest	an	association	with	puberty-onset25	that	is	worth	studying	in	future.	In	keeping	

with	the	theme	of	developmentally-related	traits	in	mesenchymal	tissue,	a	third	trait	of	interest	could	be	

odontogenesis.	This	development	pathway	was	also	flagged	in	the	FUMA	analysis,	and	permanent	tooth	eruption	

occurs	during	development	and	puberty;	however,	previous	studies	have	only	shown	a	weak	relationship	between	

tooth	eruption	and	pubertal	growth	spurt25,26.	 	
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Supplementary	Note	2:	Comparison	of	effect	sizes	for	MPB	and	2014	Wood	et	al.	Height	
GWAS	
	

Methods	

We	applied	a	z-score	transformation	to	beta	values	calculated	from	the	top	705	SNPs	in	the	present	MPB	GWAS,	and	

compared	 the	 effect	 size	 distribution	 to	 the	 top	 697	 SNPs	 identified	 in	 the	 2014	 Wood	 et	 al.	 height	 GWAS	

(Supplementary	 Data	 4,	 height	 GWAS	 https://www.nature.com/articles/ng.3097#supplementary-information).	 For	

the	MPB	data,	we	used	the	conditionally-independent	GWS	SNPs	 identified	 in	 the	autosomal	subset	as	 the	height	

GWAS	was	analysed	autosomal	data.	These	studies	are	similar	 in	that	they	are	highly-powered	(n_MPB	=	205,327;	

n_Height	 =	 253,288)	 and	with	 respect	 to	 number	 of	GWS	hits	 (n_MPB	=	 597,	 though	we	used	 the	 top	 705	 here;	

n_Height	=	697).	Volcano	plots	and	a	histogram	(using	absolute	z-score)	were	generated	of	z-scores	(Supplementary	

Fig.6).	

	

Results	and	Discussion	

MPB	appeared	to	have	a	greater	number	of	larger	beta	coefficients	than	height	(Supplementary	Fig.6),	yet	also	had	

more	variants	with	small	effect	sizes	at	the	GWS	level.	Under	an	infinitesimal	model,	this	may	suggest	that	MPB	has	

a	more	oligogenic	architecture	than	height;	that	 is,	a	smaller	set	of	SNPs	drives	more	of	genetic	variation.	Notably	

however,	the	X-chromosome	was	not	included	in	this	analysis	to	allow	a	fairer	comparison,	though	this	means	that	

the	prominent	X-chromosome	effect	observed	in	MPB	was	not	captured.			

	

Supplementary	Figure	6:		Comparison	of	Z-scores	calculated	from	conditionally-independent	GWS	SNPs	MPB	(pink,	n=705)	
and	height	(green,	n=697).	A)	Volcano	plot	of	z-scores.	B)	Histogram	of	absolute	z-scores.	
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